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ABSTRACT: Concerns regarding marine plastic pollution
and its affinity for chemical pollutants led us to quantify
relationships between different types of mass-produced plastic
and organic contaminants in an urban bay. At five locations in
San Diego Bay, CA, we measured sorption of polychlorinated
biphenyls (PCBs) and polycyclic aromatic hydrocarbons
(PAHs) throughout a 12-month period to the five most
common types of mass-produced plastic: polyethylene
terephthalate (PET), high-density polyethylene (HDPE),
polyvinyl chloride (PVC), low-density polyethylene (LDPE),
and polypropylene (PP). During this long-term field experi-
ment, sorption rates and concentrations of PCBs and PAHs varied significantly among plastic types and among locations. Our
data suggest that for PAHs and PCBs, PET and PVC reach equilibrium in the marine environment much faster than HDPE,
LDPE, and PP. Most importantly, concentrations of PAHs and PCBs sorbed to HDPE, LDPE, and PP were consistently much
greater than concentrations sorbed to PET and PVC. These data imply that products made from HDPE, LDPE, and PP pose a
greater risk than products made from PET and PVC of concentrating these hazardous chemicals onto fragmented plastic debris
ingested by marine animals.

■ INTRODUCTION

Marine plastic pollution is recognized as a global environmental
threat.1 Plastic waste litters coastlines,2,3 oceanic gyres,4 and the
sea floor.5 For decades, plastic debris in the ocean has been of
great concern as a physical hazard.6,7 Because several plastics
are composed of hazardous monomers and additives8,9 and
sorb chemical pollutants from aquatic environments,8 plastic
debris also poses a chemical hazard.8,10 The ingestion of plastic
debris by marine animals, including invertebrates,11 fishes,12,13

sea turtles,14 seabirds,15 and whales,16 raises concerns that
plastic is another mechanism for such chemicals to enter food
webs.8,10 This mixture of hazardous monomers, plastic
additives, and sorbed pollutants, may impose a multiple stressor
to marine organisms upon ingestion. This study focuses on the
sorption of persistent organic pollutants (POPs), specifically
polychlorinated biphenyls (PCBs) and polycyclic aromatic
hydrocarbons (PAHs), to the five most commonly mass-
produced plastics. Our data suggest different types of plastic
marine debris vary in their chemical hazards.
Early reports of PCBs on plastic debris collected from coastal

and oceanic waters12,17 and the use of plastics as passive
samplers to quantify POPs in aquatic environments18,19 led
scientists to measure POPs on recovered plastic debris.3,20

Plastic preproduction pellets, a recognizable component of
marine debris, have been used to establish a global association
between POPs and plastic discarded at sea.20 The physical and

chemical properties of each type of plastic (e.g., surface area,21

diffusivity,22−24,27 and crystallinity22,27) influence the sorption
of chemicals to plastic debris.23,24 Moreover, sorption patterns
are compound-specific (e.g., increasing in affinity with greater
hydrophobicity).25 For example, polyethylene has a larger
surface area than polypropylene (PP) and polyvinyl chloride
(PVC)21 and an affinity for a wide range of organic
contaminants varying in hydrophobicity.26 For these reasons,
polyethylene is commonly used as a passive-sampling
device.19,23 Here, we deployed different types of plastic
preproduction pellets in an urban bay to measure how sorption
of organic contaminants, ranging in hydrophobicity, varies
among types of plastic debris in the environment.
Existing data on the sorption of organic contaminants to

plastic preproduction pellets in laboratory studies are limited to
three of the five most commonly produced polymers.21,22

Those data, predictive modeling,21 and comparisons of plastic
debris of unknown origin collected from coastal and oceanic
sites20,27 suggest that polyethylene sorbs greater concentrations
of PAHs and PCBs than does polypropylene (PP)20,21,27 and
polyvinyl chloride (PVC).21 The only controlled field experi-
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ment measuring sorption of POPs (specifically PCBs) onto
previously uncontaminated plastic preproduction pellets was
limited to PP and a period of 6 days, which was too short to
measure saturation.27 Predictive modeling for low-density
polyethylene (LDPE) passive sampling devices suggest that
time to saturation in the field can vary from days to months
depending on the chemical of interest and environmental
conditions.19 This study aimed to quantify sorption of organic
contaminants to different types of plastic in an environment
and period of time more relevant to plastic marine debris.
Our analyses targeted PCBs and PAHs (see Table S1 of the

Supporting Information, SI, for list of targeted analytes).

Production of PCBs was banned in the U.S. in 1979, but
measurable concentrations persist.28 PAHs have continuous
anthropogenic and natural sources into the environment.29 We
performed the first long-term field measurement of sorption of
PCBs and PAHs to the five most common types of mass-
produced plastic:30 polyethylene terephthalate (PET), high-
density polyethylene (HDPE), PVC, LDPE, and PP.
Laboratory experiments precisely apply a dose of contaminants
to polymers and hold many confounding variables constant
(e.g., temperature). In contrast, our field experiment incorpo-
rated environmentally relevant factors, including in situ
concentrations of contaminants, allowing the polymers to be

Figure 1. Concentrations of total PCBs (ng/g of pellets) sorbed to each plastic type at each location in San Diego Bay during each sampling period
(n = 2 replicates). Each panel displays concentrations at one location during one sampling period. Concentrations are plotted on a log scale across
the horizontal axis. Plastic types are listed along the vertical axis. Each row of five panels contains data from a single sampling period. Each column
displays sites ordered from the back to front of the bay (Cornado Cays, Chula Vista, Harbor Excursion, Shelter Island, Nimitz Marine Facility). At
each sampling period, 2-factor ANOVA showed significant differences among plastic types (p < 0.001) and locations (p < 0.001), and post hoc
Tukey comparisons consistently distinguished a group of plastics with high PCB concentrations (HDPE, LDPE, and PP) from a group with low
concentrations (PET and PVC).
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exposed to in situ variations in all variables (including PAHs
and PCBs) relevant at our field sites. We deployed two
independent replicates of uncontaminated, preproduction
pellets of each polymer at five locations in San Diego Bay
(Figure S1 of the SI) and recovered them after 1, 3, 6, 9, or 12
months. We hypothesized that sorption of PAHs and PCBs
would vary among plastic type and locations in the urban bay.
On the basis of prior studies,19,27 we expected to measure
increasing concentrations during at least the first several
months of this experiment.

■ EXPERIMENTAL SECTION
Experimental Design. On June 1st, 2009 five types of

preproduction plastic pellets (PET, HDPE, PVC, LDPE, and

PP) were deployed from docks at five locations throughout San
Diego Bay (Figure S1 of the SI): Chula Vista and Coronado
Cays near the back of the bay, Harbor Excursions in the central
bay, and Shelter Island and Nimitz Marine Facility near the
mouth of the bay. At each location, two replicate samples (5 g)
of each plastic type were deployed for future collection at the
end of five time periods: 1, 3, 6, 9, and 12 months (250 total
samples). See Supporting Information for additional methodo-
logical details.

Chemical Analyses. Methods for sample prep and
instrumental parameters for chemical analyses were established
previously in our laboratory.3 Sample extracts were analyzed
with an Agilent 6890 series gas chromatograph and Agilent
5973 mass spectrometer (Agilent, Santa Clara, CA, U.S.).

Figure 2. Concentrations of total PAHs (ng/g of pellets) sorbed to each plastic type at each location during each sampling period (n = 2 replicates).
The format is the same as Figure 1. At each sampling period, 2-factor ANOVA showed significant differences among plastic types (p < 0.001) and
locations (p < 0.001), and post hoc Tukey comparisons consistently distinguished a group of plastics with high PAH concentrations (HDPE and
LDPE), a group with low concentrations (PET and PVC), and PP as sorbing an intermediate concentration.
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Selected ion monitoring (SIM) was used to detect 15 PAHs
(acenaphthalene, acenaphthene, fluorene, phenanthrene, an-
thracene, fluoranthene, pyrene, benz(a)anthracene, chrysene,
benzo(b)fluoranthene, benzo(k)fluoranthene, benzo(a)pyrene,
indeno(123-cd)pyrene, dibenzo(ah)anthracene, and benzo-
(ghi)perylene), 27 PCBs (CB#8, 18, 28, 52, 44, 60, 101, 81,
77, 123, 118, 114, 153, 105, 138, 126, 187, 128, 167, 156, 180,

169, 170, 189, 196, 206, and 209), internal and recovery
standards (see SI Table S1 for quantification and confirmation
ions). For more detailed information regarding chemical
standards and solvent materials, sample prep, chemical analyses,
and QA/QC refer to the Supporting Information.

Statistical Methods. Statistical analyses were performed
with SYSTAT 12 (SYSTAT Software, Chicago, IL). Concen-

Figure 3. Concentrations of PCBs (ng/g of pellets) vs time for each type of plastic at Shelter Island. Rows represent plastic types HDPE, LDPE, PP,
PET, and PVC (in order from top to bottom). Columns represent PCBs: Total PCBs, PCB28, PCB153 (in order from left to right). Please note that
vertical axes differ among graphs. Data were fit to the first-order approach to equilibrium model31 using the exponential rise to maximum equation
Ct = Ceq(1 − e−kt), where Ct is the concentration at time t, Ceq is the predicted equilibrium concentration, and k is the rate constant. The horizontal
dotted line denotes the predicted Ceq for each plastic type.
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trations of sorbed PCBs and PAHs were log-transformed to
achieve normality. We decided a priori to test for differences
among plastic types and locations by performing a 2-factor
ANOVA on data from each sampling period individually.
Homogeneity of variance was verified by Levene’s test. Post hoc

Tukey’s tests were used to distinguish significantly different
treatment means. We decided a priori to quantify temporal
patterns by fitting a first-order approach to equilibrium model31

to the concentrations sorbed to each type of plastic at each
location in the bay. We expected sorption to follow first-order

Figure 4. Concentrations of PAHs (ng/g of pellets) vs time for each type of plastic at Harbor Excursion. Rows represent plastic types HDPE, LDPE,
PP, PET, and PVC (in order from top to bottom). Columns represent PAHs: Total PAHs, fluoranthene and benzo(ghi)perylene (in order from left
to right). Please note that vertical axes differ among graphs. Data were fit to the first-order approach to equilibrium model31 using the exponential
rise to maximum equation Ct = Ceq(1 − e−kt), where Ct is the concentration at time t, Ceq is the predicted equilibrium concentration, and k is the rate
constant. The horizontal dotted line denotes the predicted Ceq for each plastic type. Where no equation is given, the model could not be fit to the
data.
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kinetics as they do for polyethylene devices.26 SigmaPlot 10
(SYSTAT Software, Chicago, IL) was used to fit the
exponential rise to maximum equation Ct = Ceq(1 − e−kt),
where Ct is the concentration at time t, Ceq is the predicted
equilibrium concentration, and k is the rate constant.

■ RESULTS AND DISCUSSION
Concentrations of PCBs and PAHs Vary by Plastic

Type. Despite significant variability among locations in San
Diego Bay, relative differences in sorption of total PCBs and
total PAHs among the five polymers were consistent over space
and time (Figures 1 and 2). Most importantly, HDPE, LDPE,
and PP consistently sorbed greater concentrations of PAHs and
PCBs than did PET and PVC. Rubbery polymers such as
HDPE, LDPE, and PP are expected to demonstrate greater
diffusion (e.g., permeability and greater free volume) than the
glassy polymers PET and PVC,23 which may explain trends
observed here.
Throughout the 12-month period, concentrations of total

PCBs sorbed to HDPE, LDPE and PP were consistently an
order of magnitude greater than those sorbed to PET and PVC
(Figure 1). Concentrations of PCBs sorbed to plastics varied
significantly among polymers (p < 0.001) on each sampling
date (Figure 1). There were not significant interactions
between the main effects of location and polymer type (p >
0.174) except during the 3-month sampling (p = 0.013). At this
sampling, sorbed PCBs at Coronado Cays, Harbor Excursion,
Shelter Island, and Nimitz Marine Facility were greater on PVC
than on PET, but this pattern between these two polymers was
reversed at Chula Vista (Figure 1). By 12 months at Shelter
Island, where PCB concentrations were greatest, mean
concentrations of total sorbed PCBs were 25 ng/g on HDPE,
34 ng/g on LDPE, and 27 ng/g on PP compared to only 1 ng/
g on PET and 2 ng/g on PVC.
Like PCBs, concentrations of PAHs sorbed to HDPE and

LDPE were consistently an order of magnitude greater than
those sorbed to PET and PVC (Figure 2). Furthermore, PP
consistently sorbed an intermediate concentration (Figure 2).
Concentrations of sorbed PAHs varied significantly among
polymers (p < 0.001) on each sampling date (Figure 2).
Concentrations of PAHs sorbed to PP were significantly less
than those sorbed to HDPE and LDPE (p < 0.001) and
significantly greater than those sorbed to PET and PVC (p <
0.01). Similar to PCBs, there were not significant interactions
between location and plastic type (p > 0.06) except during the
3-month sampling (p = 0.002). At this sampling, sorbed PAHs
were greater on PVC than on PET at Harbor Excursion, but
concentrations on these two polymers were indistinguishable at
the other locations (Figure 2). By 12 months at Harbor
Excursion, where PAH concentrations were relatively large,
mean concentrations of total sorbed PAHs were 797 ng/g on
HDPE, 722 ng/g on LDPE, 122 ng/g on PP, 14 ng/g on PET,
and 27 ng/g on PVC.
Trends among the five plastics in our field experiment

reinforce previous laboratory studies in which polyethylene
sorbed greater concentrations of PAHs than PP21,22 and an
order of magnitude greater concentrations of PCBs23 and
PAHs21 than did PVC (to our knowledge, sorption of PCBs
and PAHs to PET has not been measured and compared to
other polymers in the laboratory). Polyethylene has a greater
sorptive capacity than PP and PVC,21 probably due to
polyethylene’s greater surface area21 and free volume.23

Moreover, diffusion into the polymer has been observed in

polyethylene pellets but not in PP.22 Greater sorptive capacity
is expected for polyethylene because its structure has a greater
distance between polymeric chains than PP.22 Thus, the greater
sorptive capacity for PAHs that we observed in polyethylene
compared to PP should be expected.22 However, we caution
that these similar results for PCBs and PAHs do not necessarily
extend to all classes of contaminants, and compound-specific
interactions in the polymer phase are also important.25 For
example, PVC has a greater affinity for alkylbenzenes than does
HDPE.32 While our study found that HDPE, LDPE, and PP
sorb much greater PCBs and PAHs than do PET and PVC,
future field experiments should measure sorption of additional
priority pollutants to plastics to quantify the chemical mixtures
associated with different types of plastic marine debris.

Sorption Rate of PCBs and PAHs among Plastic Types.
Due to differences in surface area26 and diffusion proper-
ties,22,26 we expected to measure different temporal patterns
among the five polymers. Fitting the first-order approach to
equilibrium model31 assumes a relatively constant background
concentration of PAHs or PCBs. Although this assumption
likely does not hold for chemical pollutants during a field
deployment, the equation fits our data reasonably well over the
long time scales of our experiment. We quantified temporal
patterns for total PCBs and total PAHs for each type of plastic
at each location in San Diego Bay (Figures 3 and 4). Because
sorption is related to the hydrophobicity of each specific
congener,19,25,33 we also quantified temporal patterns for
individual PCBs and PAHs at locations where concentrations
were greatest (Figures S3−S9 of the SI).
At all locations, we observed increasing concentrations of

PCBs and PAHs sorbed to HDPE, LDPE, and PP over time,
and where PCB concentrations were relatively large, HDPE and
LDPE did not always reach equilibrium within the 12-month
experiment. For example, at Shelter Island, total PCBs sorbed
to PET and PVC reached equilibrium by 6 months,
concentrations sorbed to PP did not reach equilibrium until
12 months, and concentrations sorbed to HDPE and LDPE did
not reach equilibrium (Figure 3). Using the predicted
concentration at equilibrium (Ceq; Figure 3), and the
assumption that total PCB sorption will follow the exponential
rise to maximum equation, HDPE will achieve equilibrium
within 44 months and LDPE within 19 months at Shelter
Island. At Harbor Excursion, the relatively small concentrations
of total PAHs sorbed to PET and PVC changed little over time,
and PAH concentrations on HDPE, LDPE, and PP reached
equilibrium by 6 months (Figure 4). Faster saturation on PET
and PVC is expected based upon a smaller surface area21 and a
glassy polymeric structure,23 which does not facilitate diffusion
into the material as we would expect for HDPE,19,23 LDPE,19,23

and PP.23 Diffusion into the polymeric matrix may be one
reason we observe rapidly increasing concentrations during the
first month (i.e., adsorption) followed by slower sorption over
the following months (i.e., absorption).
Temporal patterns among individual congeners of PAHs and

PCBs were also not equivalent (see Figures S3−S9 of the SI).
They are often driven by hydrophobicity (octanol−water
partition coefficientlog Kow) and/or molecular weight (MW)
of the chemical (See Table S1 of the SI for log Kow and MW of
targeted analytes).25,33 Chemicals with less hydrophobicity and
lighter MW are expected to reach saturation faster than those
with greater hydrophobicity and heavier MW.26 Here, PCB
congeners with lighter MW and smaller log Kow achieved
saturation quicker than heavier congeners (Figures S3−S6 of
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the SI). For example, PCB153 (log Kow = 6.9; MW = 360.9)
did not reach equilibrium within the 12-month period on
HDPE, LDPE, or PP; however, PCB28 (log Kow = 5.6; MW =
257.5) did (Figure 3). Similarly, PAHs with lighter MW and
smaller Kow achieved saturation faster (Figures S7−S9 of the
SI). Benzo(ghi)perylene (log Kow = 6.63; MW = 276.4) did not
reach equilibrium within the 12-month period on HDPE and
LPDE; however, fluoranthene (log Kow = 5.0; MW = 202.3)
reached equilibrium by the 6-month period (Figure 4).
Furthermore, when concentrations of individual congeners
were quantifiable, congeners with a log Kow > 5 generally fit the
first-order approach to equilibrium model, whereas those with a
log Kow < 5 generally did not. For example, acenaphthene,
fluorene, phenanthrene, and anthracene sorption does not fit
the model and instead appears to be decreasing in
concentration over time (Figure S7 of the SI). This may be
explained by a loss of lighter MW PAHs due to degradation.
Our finding that HDPE, LDPE, and PP required at least 6

months to reach equilibrium concentrations of PCBs or PAHs
in San Diego Bay is much longer than estimated in laboratory
studies with various plastics.19,21,23 This may be due to
weathering of the pellets over time, increasing the surface
area and pore size of the material allowing greater diffusivity.27

Comparing plastic waste discarded into the marine environ-
ment to plastic in controlled laboratory settings or used as
short-term passive samplers has limited applicability to
quantifying chemical hazards of plastic marine debris. In the
marine environment, concentrations of chemical pollutants
change over time depending on sources and environmental
differences (e.g., temperature). Furthermore, plastic debris
remains in the marine environment for an unknown period of
time, drifts with the currents, and undergoes slow photo-
degradation. Degradation increases surface area,30,34 probably
leading to greater sorption of contaminants over time,30,34

suggesting that plastic debris may become more hazardous the
longer it remains at sea.
International Pellet Watch (IPW) analyzes pellets collected

globally that are fouled and/or weathered and yellowing.20

They find greater concentrations of organic contaminants on
pellets that are fouled and darker in color.35 Discoloration is
caused primarily by phenolic antioxidant additives to the
plastics,35 used in several polymers including those discussed
here. It reflects a longer period of time in the marine
environment.20,34 Consistent with IPW, we observed discolor-
ation of plastic pellets during our long-term field experiment
(Figure S10 of the SI), further confirming that darker pellets
reflect a longer period of time at sea.
Spatial Differences. While sample sites were relatively

close to each other in a single bay (measuring approximately 25
× 3 km), concentrations of total PCBs and total PAHs sorbed
to plastics varied significantly among locations in San Diego
Bay (p < 0.001) on each sampling date (Figures 1 and 2).
These differences were expected based on local sources of
contamination and prior research showing that concentrations
of sorbed pollutants on plastic reflect regional differ-
ences.3,20,36−40 See Supporting Information for more details
regarding differences among locations.
Small-scale variation observed in this study and larger-scale

variation observed in other studies41 has implications for
management of plastic marine debris. Within San Diego Bay,
we measured concentrations of PCBs on LDPE pellets that
varied by an order of magnitude (3.4−35 ng/g). In our
previous study, recovering pellets from eight beaches

throughout San Diego County, concentrations of the same
suite of PCBs also varied by an order of magnitude (3.8−42
ng/g total PCBs).3 Current data from International Pellet
Watch show that PCBs on polyethylene pellets collected from
beaches spanning over 1000 km of the California coastline also
vary by an order of magnitude (23−605 ng/g), and this
variation can be larger among locations within the United
States (0.1−605 ng/g).41 Discarded plastics may pose a greater
hazard and thus a greater management priority in locations with
greater point sources and greater concentrations of chemical
pollutants. In addition, plastic debris drifts with currents;
hypotheses regarding transport of hydrophobic chemicals from
plastics, which may be released upon degradation of the
material,36 to remote areas should be tested.

Implications of This Study to Marine Plastic Debris.
With escalating plastic production10 and poor policy enforce-
ment,42 quantities of plastic debris in the marine environment
will likely increase. In 2007, HDPE, LDPE, and PP accounted
for 62% of all plastics produced globally, while PVC and PET
represented only 19% and 7%, respectively.30 In accord with
production trends, HDPE, LDPE, and PP are the most
common plastic debris collected at sea.4,30 Our conclusion that
HDPE, LDPE, and PP consistently sorbed greater concen-
trations of PCBs and PAHs than did PET and PVC implies that
PET and PVC pose a reduced risk of concentrating these
hazardous chemicals onto plastic debris ingested by animals.
Although PVC sorbs relatively small concentrations of PCBs
and PAHs, its vinyl chloride monomer is classified as
carcinogenic and toxic.9 In addition, PVC contains more
hazardous additives than HDPE, LDPE, PP, and PET.9 Because
PET requires fewer additives and degrades faster than other
polymers, it has been suggested as one of the least hazardous
plastics.9 These inherent properties in combination with the
relatively low sorption of PCBs and PAHs we measured suggest
that plastic products made from PET, especially items
commonly encountered in marine debris such as plastic
packaging and fishing gear,30 might have fewer chemical
impacts on marine life than products made from other types of
plastic. Testing this hypothesis will require measuring
bioaccumulation and toxicity from different types of plastic
marine debris, all containing a unique cocktail of chemicals
which may act as a multiple stressor when ingested by marine
animals.
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